An extradiol dioxygenase was cloned from the naphthalenesulfonate-degrading bacterial strain BN6 by screening a gene bank for colonies with 2,3-dihydroxybiphenyl dioxygenase activity. DNA sequence analysis of a 1,358-bp fragment revealed an open reading frame of only 486 bp. This is the smallest gene encoding an extradiol dioxygenase found until now. Expression of the gene in a T7 expression vector enabled purification of the enzyme. Gel filtration and sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis showed that the protein was a dimer with a subunit size of 21.7 kDa. The enzyme oxidized 2,3-dihydroxybiphenyl, 3-isopropylcatechol, 3-and 4-chlorocatechol, and 3-and 4-methylcatechol. Since the ability to convert 3-chlorocatechol is an unusual characteristic for an extradiol-cleaving dioxygenase, this reaction was analyzed in more detail. The deduced amino-terminal amino acid sequence differed from the corresponding sequence of the 1,2-dihydroxynaphthalene dioxygenase, which had been determined earlier from the enzyme purified from this strain. This indicates that strain BN6 carries at least two different extradiol dioxygenases.
A bacterial strain (strain BN6) which is able to degrade amino-and hydroxynaphthalenesulfonates is currently being studied in this laboratory. This strain oxidizes substituted naphthalenesulfonates to the corresponding substituted 1,2-dihydroxynaphthalenes by a reaction catalyzed by a desulfonating dioxygenase. Subsequent metabolism of the substituted 1,2-dihydroxynaphthalenes (1,2-DHNs) to substituted salicylates follows the common naphthalene degradative pathway. Strain BN6 does not mineralize naphthalenesulfonates, since the salicylates are not further oxidized (24, 25, 33, 34) . Cloning the genes for the metabolism of these naphthalenesulfonates would facilitate mobilization into salicylate-degrading bacterial strains, thereby accomplishing the complete degradation of naphthalenesulfonates in a single strain. Previously, the 1,2-DHN dioxygenase (DHNDO), which is part of this metabolic pathway, was purified to homogeneity and biochemically characterized. The enzyme oxidized 1,2-DHN, 2,3-dihydroxybiphenyl (2, , and some other aromatic diols (25) . In the present study, we attempted to clone the corresponding gene from strain BN6. Although we obtained clones derived from strain BN6 which were able to oxidize 2,3-DHBP, the encoded gene was unexpectedly not involved in the degradation of naphthalenesulfonates. The extradiol dioxygenase (DO) encoded by this clone was examined in the present study.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The isolation and characterization of strain BN6 have been described previously (33) . The strain has been deposited at the Deutsche Sammlung von Mikroorganismen, Brunswick, Germany, as DSM 6383. For the isolation of genomic DNA, the strain was grown in nutrient broth. Escherichia coli DH5␣ was the host for construction of the genomic library. E. coli JM 109 was used for subcloning and isolation of DNA for sequencing. For overexpression of the gene, E. coli BL21(DE3)pLysS was used (41) . E. coli strains were routinely cultured in Luria-Bertani medium.
Plasmids and DNA manipulation techniques. The plasmid vectors pIC20H and pIC20R were used for cloning (29) . The plasmid vector pET11a was used for high levels of expression (41, 42) . The genomic DNA was prepared by a modification of the method of Sambrook et al. (40) and purified by CsCl-ethidium bromide centrifugation. Plasmid DNA was isolated from E. coli by the method of Lee and Rasheed (27) . Digestion of DNA with restriction endonucleases (Gibco BRL, Boehringer), electrophoresis, and ligation with T4 DNA ligase (Gibco BRL) were performed by standard procedures (40) . Transformation of E. coli was done by the method of Chung et al. (13) .
Construction of the plasmid library. Genomic DNA from strain BN6 was partially digested with BglII. Fractions containing DNA enriched for fragments of 9 to 15 kb were eluted from agarose gels with the Geneclean II kit (Bio 101 Inc., La Jolla, Calif.). The fragments were ligated into the BamHI site of alkaline phosphatase-treated pIC20H and transformed into E. coli DH5␣.
Detection of recombinants oxidizing 2,3-DHBP. Expression of bphC (encoding DHBPDO) in recombinant colonies was assayed by spraying plates with a solution of 2,3-DHBP (10 mM in 50% [vol/vol] ethanol plus 50% [vol/vol] water).
Screening for clones with DHNDO activity. To identify clones that had the ability to oxidize 1,2-DHN in addition to 2,3-DHBP, the recombinants were grown in Luria-Bertani medium. At the end of the exponential growth phase, cells were harvested by centrifugation. The cells were resuspended in 100 mM Na/K phosphate buffer (pH 6.0) to an optical density at 546 nm of 40 to 60 and intensively stirred at room temperature. 1,2-DHN (0.4 mM dissolved in tetrahydrofuran) was added. Aliquots were taken at different time intervals, the samples were clarified by centrifugation (for 5 min at 14,000 rpm), and the formation of 2-hydroxychromene-2-carboxylate from 1,2-DHN was measured by high-pressure liquid chromatography (HPLC) (25) .
Hybridization of DNA. ClaI-digested genomic DNA was separated by electrophoresis and transferred to a nylon membrane (Immobilon P; Millipore). Hybridization was performed overnight at 54ЊC in hybridization buffer as specified by the manufacturer (i.e., 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]). Filters were washed twice for 5 min at room temperature with 2ϫ SSC-0.1% (wt/vol) sodium dodecyl sulfate (SDS) and twice for 5 min at 65ЊC in 0.1ϫ SSC-0.1% (wt/vol) SDS. The DNA fragment used as the probe was eluted from agarose gels with the Geneclean II kit. The probes were labelled by incorporation of digoxigenin-dUTP, with a random-primer DNA-labelling kit (Boehringer, Mannheim, Germany).
Nucleotide sequence analysis. The DNA sequence was determined by dideoxychain termination with double-stranded DNA of overlapping subclones in an automated DNA-sequencing system (ALF-Sequencer; Pharmacia-LKB) with fluorescently labelled primers (for further information, see reference 36).
Sequence analysis, database searches, and comparisons were done with the PCGene software package, version 6.7, data bank CD-ROM release 13.0 (IntelliGenetics Inc., Mountain View, Calif.). The alignment and the percent identities of the extradiol DOs were obtained with the programs CLUSTAL and PALIGN, respectively, using the default parameters.
Hyperexpression of the DHBPDO. For expression in E. coli, bphC was inserted into pET11a (42) under the control of the T7 promoter. The 0.67-kb EcoRI-PstI segment of DNA encompassing the bphC gene was amplified by PCR with the PrimeZyme DNA polymerase as specified by the manufacturer (Biometra). The upstream primer (5ЈCGTCATATGTCACAAACTGAAACCTCC3Ј) incorpo-rated a NdeI site, and the downstream primer (5ЈCGCGGATCCCTGCTAAAG TTGGCTCGG3Ј) incorporated a BamHI site (underlined). The amplified product was restricted with NdeI and BamHI and ligated into pET11a to create pGHS117. E. coli DH5␣ was transformed with pGHS117. The plasmid was subsequently isolated and introduced into E. coli BL21(DE3)pLysS by transformation.
Preparation of cell extracts. Cell suspensions in 50 mM Tris/HCl (pH 7.5) were disrupted with a French press (Aminco, Silver Spring, Md.) at 80 MPa. Cell debris was removed by centrifugation at 100,000 ϫ g for 30 min at 4ЊC. The protein concentration was determined by the method of Bradford (10), with bovine serum albumin as the standard.
Enzyme assays. One unit of enzyme activity was defined as the amount of enzyme that converts 1 mol of substrate per min. DHBPDO was measured by a modification of the method described by Furukawa et al. (18) . Cell extract was added to a solution (final volume, 1 ml) containing 100 mol of Na/K phosphate buffer (pH 7.5) and 0. (7, 15, 18, 39) . The apparent enzyme activities were determined with freshly prepared solutions of these substrates.
Enzyme purification. Protein was purified at room temperature by use of a fast protein liquid chromatography system consisting of an LCC 500 controller, pump 500, UV-1 monitor, REC-482 recorder, and FRAC autosampler (Pharmacia, Uppsala, Sweden). Crude extracts from E. coli BL21(DE3)pLysS(pGHS117) were incubated for 10 min at 50ЊC. Precipitated proteins were removed by centrifugation (30 min, 100,000 ϫ g), and the supernatant was transferred to a Q-Sepharose fast-flow column (HR 16/10). Elution was performed at a flow rate of 3 ml/min with 300 ml of a linear gradient of 50 to 50 mM Tris/HCl (pH 7.5) containing 2 M NaCl. Fractions of 5 ml were collected. Active fractions (eluting at an NaCl concentration of about 0.2 M) were pooled and transferred to a phenyl-Superose fast-flow column (HR 10/10). Protein was eluted with 100 ml of a linear gradient of 50 mM Tris/HCl (pH 7.5) containing 1 M (NH 4 ) 2 SO 4 to 50 mM Tris/HCl (pH 7.5) at a flow rate of 1 ml/min. The dioxygenase was eluted as a single peak in the concentration range of 0.98 M (NH 4 ) 2 SO 4 . Results of the purification are given in Table 1 .
To determine the specific activity during the purification procedure, it was necessary to reactivate the enzyme with Fe 2ϩ ions. Optimal reactivation was accomplished by incubation with 2 mM (NH 4 ) 2 Fe(SO 4 ) 2 and 5 mM dithiothreitol for 5 min at room temperature.
Determination of molecular weight. The relative molecular mass of the native enzyme was determined by gel filtration through a Hiload 16/60 Superdex 200 prep grade column calibrated with bovine thyroglobulin (M r 670,000), bovine gamma globulin (M r 158,000), ovalbumin (M r 44,000), horse myoglobin (M r 17,000), and vitamin B 12 (M r 1,350) as references (Bio-Rad). The subunit size was determined by SDS-polyacrylamide gel electrophoresis with phosphorylase b (M r 94,000), albumin (M r 67,000), ovalbumin (M r 43,000), carbonic anhydrase (M r 30,000), trypsin inhibitor (M r 20,100), and ␣-lactalbumin (M r 14,400) as reference proteins (LMW standards; Pharmacia).
HPLC. The enzymatic oxidation of 1,2-DHN was analyzed as described previously (25) .
SDS-PAGE. SDS-polyacrylamide gel electrophoresis (PAGE) was performed by the method of Laemmli (26) . Protein staining of the gels was performed with Coomassie brilliant blue G 250 (Merck).
Chemicals. 2,3-DHBP was obtained from Wako Chemicals, Neuss, Germany; 3-chlorocatechol, 3,5-and 4,5-dichlorocatechol, 3-bromo-5-chlorocatechol-, 3-chloro-5-bromocatechol, 3-isopropylcatechol, and 3,4,6-trichlorocatechol were kindly provided by M. Vollmer; and 4-sulfocatechol was a gift from A. Hammer. All other chemicals were obtained from Merck, Fluka, Sigma, or Aldrich.
Nucleotide sequence accession number. The nucleotide sequence of the 1.35-kb ClaI fragment was deposited in GenBank under accession number U22355.
RESULTS
Cloning of a gene encoding a 2,3-DHBP-oxidizing enzyme activity. A plasmid library was prepared with pIC20H as described in Materials and Methods. The DHNDO from strain BN6 oxidized not only 1,2-DHN but also 2,3-DHBP (25) . The product (2-hydroxychromene-2-carboxylate) formed from 1,2-DHN does not show the typical yellow color of many metacleavage products from aromatic 1,2-diols (5, 14, 25, 35) . Therefore, the clones were screened for DO activity by spraying a solution of 10 mM 2,3-DHBP onto the agar plates. Among ca. 1,700 candidates, 11 colonies immediately turned yellow upon being sprayed with 2,3-DHBP solution, indicating that conversion of 2,3-DHBP to the meta-cleavage compound 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate had occurred. Plasmid DNAs were prepared from these clones and classified into two types according to the size of the DNA inserts (9.75 or 4.75 kb). Both groups were clearly distinct from each other as shown by restriction fragment analysis after digestion with various enzymes and hybridization experiments. The clones which carried a plasmid with the 9.75-kb insert were able to convert 1,2-DHN to 2-hydroxychromene-2-carboxylate. Therefore, one of these clones (pGHS1) was further analyzed. This clone showed only low enzyme activities with 2,3-DHBP and 1,2-DHN (Ͻ0.01 U/mg of protein).
Subcloning of the genes. The gene for the DHBPDO activity was located on a 1.35-kb ClaI fragment. Further subcloning experiments showed that the bphC gene was located on a 0.67-kb EcoRI-PstI fragment of plasmid pGHS106. The expression of the DHBPDO was due to gene expression from the lacZ promoter of pIC20H. Plasmid pGHS105, which contained the 0.67-kb EcoRI-PstI fragment in the reverse orientation, did not express the DHBPDO.
Sequencing of the 1.35-kb fragment carrying the DHBPDO gene. Various subclones were sequenced by the dideoxy-chain termination method with an automated DNA sequencer. Both strands were sequenced. The DNA and deduced amino acid sequences of the 1.35-kb ClaI fragment are shown in Fig. 1 . A computer analysis of the sequence revealed two possible initiation codons, an ATG at positions 512 to 514 and a GTG at positions 542 to 544. No sequences similar to E. coli ribosomebinding sites (Shine-Dalgarno sequence) at 6 to 12 nucleotides upstream of the putative initiation codons were found. A termination codon (TAG) in frame with the putative start codons was present at positions 998 to 1000. The corresponding possible open reading frames had sizes of 456 or 486 bp. Thus, the gene from strain BN6 was smaller than the genes of all other extradiol DOs previously described. The sizes of the encoded protein and the deduced NH 2 -terminal amino acid sequence were different from the data obtained with the DHNDO purified previously, which was involved in the degradation of naphthalenesulfonates by strain BN6 (25) . The gene showed a bias toward G or C in the wobble position of its codon. For the total DNA of strain BN6, a high GϩC content has also been found (62.1% Ϯ 0.2%) (12) . Sequence comparisons. The protein sequence which was deduced from the DNA sequence was compared with those of other extradiol DOs. The dendrogram resulting from pairwise alignments of amino acid sequences showed that the enzyme from strain BN6 has the greatest identity to two DHBPDOs (BphC2 and BphC3) recently found in Rhodococcus globerulus P6. This corresponds to the small size of the two genes from R. globerulus P6 (573 bp each) compared with other extradiol DOs (3). Only 15 to 16% identity was found between the deduced amino acid sequences from the bphC gene from strain BN6 and bphC2 and bphC3 from R. globerulus P6 (Fig. 2) .
Analysis of the gene product. No sequences similar to E. coli ribosome-binding sites (the Shine-Dalgarno sequence) upstream of the putative initiation codons were found. Instead, there was a purine-rich sequence (GAAGA) 19 bp upstream of the ATG at positions 512 to 514. This may explain why the enzyme was only poorly expressed from pGHS106, which contained the 0.67-kb EcoRI-PstI fragment (0.08 U/mg of protein). To obtain better expression, the gene coding for the DHBPDO was cloned into the T7 expression system. This was done by introducing NdeI and BamHI sites by PCR followed by ligation into pET11a and transformation of E. coli BL21 (DE3)pLysS with the resulting plasmid, pGHS117. Expression of the 489-bp NdeI-BamHI fragment in pGHS117 yielded a single peptide with an apparent molecular weight on an SDSgel of 21,700. Thus, the apparent size of the subunit was greater than the size predicted from the DNA sequence (which is 17,835 Da).
Origin of the cloned gene from strain BN6. To ensure that the cloned 1.35-kb ClaI fragment originated from strain BN6, genomic DNA from this strain was digested with ClaI and hybridized with the digoxigenin-labelled 0.67-kb EcoRI-PstI fragment of pGHS106. The fragment hybridized to a fragment of ClaI-digested BN6 DNA of approximately 1.3 kb. In a further control experiment, primers deduced from the ends of the 1.35-kb ClaI fragment (upstream primer, 5ЈCGATACGAGCT GGTCGGA3Ј; downstream primer, 5ЈGACCATGATCGCCTT GCC3Ј) were used to amplify chromosomal DNA from strain BN6. The amplified product corresponded in size and nucleotide sequence with the originally sequenced ClaI fragment.
Enzyme activities in cell extracts from a clone carrying the recombinant plasmid. Several different aromatic 1,2-diols were tested as substrates with the crude extract from E. coli BL21 (DE3)pLysS(pGHS117). The changes in the absorption spectra showed that the cell extracts converted some of these diols to typical yellow meta-cleavage products. The products from 2,3-DHBP, catechol, 3-methylcatechol, and 4-chlorocatechol showed absorption maxima at 434, 375, 384, and 378 nm, respectively. These absorption maxima were in fairly good agreement with the spectral characteristics of the products formed by various extradiol dioxygenases from these substrates (7, 39) . Only for the product from 3-isopropylcatechol ( max ϭ 384 nm) was a significant difference from the absorption maximum ( max ϭ 393 nm) given in the literature (15) observed. Surprisingly, the cell extracts also oxidized 3-substituted chlorocatechols, which are generally believed to act as strong inhibitors of extradiol DOs (1, 2, 6, 23, 44). The reaction product of 3-chlorocatechol showed an absorption maximum at 378 nm. The product from 3,5-dichlorocatechol had an absorption maximum at 388 nm, and the products from 3-bromo-5-chloroand 3-chloro-5-bromocatechol each had an absorption maximum at 384 nm. The inactivation of the enzyme by 3-chloro-and by 3-methylcatechol (100 M each) was compared. The enzyme was inactivated only slightly more rapidly during the turnover of 3-chlorocatechol compared with 3-methylcatechol (Fig. 3) .
The extracts did not oxidize protocatechuate, homoprotocatechuate, 2,3-dihydroxybenzoate, 1,2,4-trihydroxybenzene, 3,4-dihydroxycinnamate, 3,4-dihydroxymandelate, 3,4-dihydroxyphenylglycol, 3,4-dihydroxyphenylalanine, 4-sulfocatechol, 4,5-dichlorocatechol, or 3,4,6-trichlorocatechol. Although the conversion of 1,2-DHN to 2-hydroxychromene-2-carboxylate was found with resting cells, the enzyme activity was too low for quantification with cell extracts.
Purification of the enzyme, molecular weight, and subunit structure. For the purification of the enzyme, the procedure shown in Table 1 . The enzyme was purified 2.8-fold, giving a specific activity of 3.8 U/mg of protein. The overall yield was 18% of the activity present in cell extracts and 6.5% of its total proteins. The enzyme obtained from these purifications was estimated to be more than 95% pure as judged by SDS-PAGE. This preparation was sequenced by automated Edman degradation, and the following sequence was obtained: Ser-Gln-Thr-Glu-Thr-Ser-Pro-Ile-ArgVal-Glu-Lys-Ile-Ala-His-Ile-Val-Leu-Phe-Val-Lys-Asp-ProGlu-Leu-Ser-Ala-Gln-Gln (or Trp)-Tyr-Ser-Asp-Ile-Leu-AsnMet-Lys-Ile-Val-Ala-. Thus, the methionine at position 1 of the open reading frame was absent from the purified protein.
The rest of the sequence perfectly matched the amino acid sequence expected from the DNA sequence.
The molecular weight of the purified enzyme was determined by gel filtration and estimated to be 39,400. From this, it can be assumed that the enzyme consists of two subunits.
Determination of kinetic parameters with the purified enzyme for different substrates. The oxidation of those aromatic 1,2-diols which were converted by cell extracts from E. coli BL21(DE3)pLysS(pGHS117) was also analyzed with the purified enzyme. With most substrates, the enzyme activity decreased with an increase in substrate concentration beyond a certain level (Fig. 4) . Although we attempted to analyze these kinetic data by a substrate inhibition model as suggested by Adams et al. (1) , no exact fit of the data could be obtained. Relative enzyme activities (substrate concentration, 200 M each) are summarized in Table 2 .
Oxidation of 3-substituted chlorinated catechols by DHB-PDO. Because the oxidation of 3-substituted chlorocatechols by the cell extracts was an unusual phenomenon, this reaction was studied with the purified enzyme in greater detail and compared with the oxidation of 3-methylcatechol. The V max with 3-methylcatechol as substrate was about three times higher than with 3-chlorocatechol. In contrast, the affinity for 3-chlorocatechol was apparently higher than for 3-methylcatechol as a substrate (Fig. 4) . 3-Chlorocatechol was oxidized by the purified enzyme to the same product as by the cell extract as judged spectrophotometrically. The absorption maximum at 378 nm disappeared immediately under acidic conditions (pH 2.5) and was restored instantaneously by neutralization. These spectral properties are characteristic of the meta-cleavage products of (substituted) catechols (7).
DISCUSSION
Strain BN6 oxidizes various substituted naphthalenesulfonates to the corresponding salicylates, which are excreted in stoichiometric amounts. From all salicylates and other benzenoid compounds tested, only protocatechuate (oxidized by a protocatechuate 4,5-DO) was used as a growth substrate by this strain. Thus, we expected only the presence of the genes for the DHNDO and the protocatechuate 4,5-DO in this organism. Therefore, we selected for clones that exhibited activity with 2,3-DHBP as substrate to identify clones with the DHNDO activity involved in the degradation of naphthalenesulfonates. The existence of at least a second gene encoding a DHBPDO activity in this strain was therefore unexpected. We have no evidence for a natural function of the cloned gene. The cloned 1.35-kb ClaI fragment lacked any E. coli promoter-or ribosome-binding site-like sequences upstream of the open   FIG. 3 . Oxidation of 3-chlorocatechol and 3-methylcatechol by a cell extract of E. coli BL21(DE3)pLysS(pGHS117). The reaction mixtures contained (in 100 mM Na/K phosphate buffer [pH 7.5]; total volume, 1 ml) 0.1 mol of 3-chlorocatechol (F) or 0.1 mol of 3-methylcatechol (å). The reaction was started by the addition of 2 l of cell extract (113 g of protein) . The oxidation of 3-chloroor 3-methylcatechol was recorded continuously with a spectrophotometer at ϭ 378 and 388 nm, respectively. The amount of products formed was calculated by using extinction coefficients of ε ϭ 33 mM Ϫ1 cm Ϫ1 (for 3-chlorocatechol at ϭ 378 nm) and ε ϭ 13.8 mM Ϫ1 cm Ϫ1 (for 3-methylcatechol at ϭ 388 nm). reading frame, and the gene was only weakly expressed in E. coli before it was fused to the T7 translation vector. This means either that the corresponding protein is not expressed at all in strain BN6 or that the BN6 promoters and ribosome-binding sites are very different from the corresponding E. coli sequences. According to the 16S rRNA sequence and various chemotaxonomic markers, strain BN6 is taxonomically related to the genus Sphingomonas (12, 12a, 29a) and therefore belongs to the ␣-subgroup of the Proteobacteria.
For the purified enzyme from strain BN6, a maximal specific activity of 7.0 mol/mg of protein with 2,3-DHBP was determined (Fig. 3) . This is very low compared with that of the purified DHBPDO from the biphenyl-degrading strain Pseudomonas pseudoalcaligenes KF707, which had a specific activity with 2,3-DHBP of 87.2 mol/mg of protein (17) . Furthermore, on the cloned 1.35-kb ClaI fragment from strain BN6, no open reading frames were found upstream or downstream of the bphC gene, which showed homology to other enzymes involved in bacterial extradiol degradative pathways. Possibly, 2,3-DHBP is not the natural substrate for the enzyme from strain BN6. Alternatively, the enzyme may not be expressed in strain BN6.
The comparison of the amino acid sequences from various extradiol-cleaving DOs has shown that most of them are members of the same superfamily. Only the catechol 2,3-DO (MpcI) from Alcaligenes eutrophus, the protocatechuate 4,5-DO from Pseudomonas (Sphingomonas) paucimobilis, and the 3,4-dihydroxyphenylacetate (homoprotocatechuate) 2,3-DO (and presumably the 2,3-dihydroxyphenylpropionate 1,2-DO) from E. coli probably do not belong to this class of extradiol DOs (11, 19, 20, 22, 32, 37) . The bphC gene from strain BN6 showed the highest degree of homology with the bphC2 and bphC3 genes recently found in R. globerulus P6. These two genes showed a homology of 61.5% to each other and differed from other extradiol DOs (as does bphC from strain BN6) because of their small size (3, 4) . Another extraordinarily small extradiol DO was recently described for Rhodococcus erythropolis TA421, isolated from a termite ecosystem (28) . It was claimed that the amino acid sequences deduced from the bphC2 and bphC3 genes from R. globerulus P6 showed no significant overall homology with any other sequence deposited in the SWISS-PROT or PIR databases and would therefore eventually constitute a separate group of extradiol DOs with an independent origin (3). When the deduced amino acid sequences of BphC from strain BN6 and BphC2 (or BphC3) from R. globerulus P6 were aligned, the overall homology was rather low (15 to 16% identity). Nevertheless, there was one region of high homology between BphC from strain BN6 (residues 113 to 130 of the polypeptide) and BphC2 (or BphC3) from R. globerulus P6 (residues 102 [104] to 119 [121] of the polypeptides). In this region, 10 of 18 amino acids are conserved. This region contains one histidine residue, two aspartate residues, and one glutamate residue. For the catechol 2,3-DO from P. putida mt-2, it has been recently suggested that histidine and carboxylate groups from aspartate and/or glutamate residues are responsible for iron(II) coordination (8) . It therefore seems reasonable that this region is in the three proteins involved in the coordination of the ferrous iron. This region of high homology between BphC from strain BN6 and BphC2 (or The sizes of the holoenzyme and the subunit of the DHB-PDO from strain BN6 were atypical compared with those of catechol 2,3-DOs or DHBPDOs from other sources. A major difference was the dimeric structure of the holoenzyme and the small size of the subunits (17.8 kDa). The well-known catechol 2,3-DO from P. putida mt-2 consists of four identical subunits of about 35 kDa, and the DHBPDO from P. pseudoalcaligenes KF 707 and P. (S.) paucimobilis Q1 consists of eight subunits of about 33 kDa (17, 31, 43) . The DHBPDO II (ϭBphC2) from strain P6 had a trimeric (in E. coli) or hexameric structure with a subunit size of 21.1 kDa (3).
An interesting characteristic of the enzyme from BN6 was its ability to oxidize 3-chlorocatechol. It has been repeatedly reported that extradiol-cleaving DOs are strongly inactivated by 3-chlorocatechol and that the degradation of 3-chlorobiphenyl is affected by the inactivation of DHBPDO by 3-chlorocatechol formed as a degradation product of 3-chlorobiphenyl (1, 2, 6, 23, 44). There are two main theories to explain the inactivation of catechol 2,3-DOs by 3-chlorocatechol. Originally, it was suggested that the catechol 2,3-DO from P. putida was inactivated by the removal of the iron cofactor (23) . Later, it was proposed that the proximal extradiol cleavage of 3-chlorocatechol resulted in the formation of a reactive acyl chloride, which should modify the DO and thus lead to a suicide inactivation of the enzyme (6) . Investigation of whether the enzyme oxidized 3-chlorocatechol proximal or distal to the chlorine substituent was therefore of primary concern. There is some evidence suggesting a distal (1,6-) cleavage. The product of a proximal cleavage would be 5-chloroformyl-2-hydroxypenta-2,4-dienoic acid. This highly reactive acyl chloride, if released from the enzyme, should be hydrolyzed to 2-hydroxyhexa-2,4-dienoic acid, which shows an absorption maximum at 290 nm at pH 7.5 (38) . In contrast, the product of the metacleavage of 4-chlorocatechol has been identified as 5-chloro-2-hydroxy-6-oxohexadienoic acid (30, 45) and shows the typical behavior of classical meta-cleavage products. The ring fission product of 3-chlorocatechol after a distal extradiol cleavage would be the isomeric compound 3-chloro-2-hydroxy-6-oxohexadienoic acid exhibiting the same chromophor. This would explain why the product from 3-chlorocatechol actually behaved as a typical muconic acid semialdehyde.
Although this observation strongly suggests a 1,6-fission of 3-chlorocatechol, other substrates were oxidized by the enzyme in a proximal manner. Thus, the products formed from 2,3-DHBP ( max ϭ 434 nm), from 3-methylcatechol ( max ϭ 384 nm), and from 4-chlorocatechol ( max ϭ 378 nm) had essentially the same absorption maxima as described before for the products formed from these substrates by various extradiol DOs (7, 18, 39) .
Although the inhibition of extradiol-cleaving DOs by 3-chlorocatechol has been described frequently, there are also some examples in the literature in which cleavage of 3-chlorocatechol or 3,5-dichlorocatechol was reported without mentioning an inhibitory effect. Sala-Trepat and Evans (39) reported the cleavage of 3-chlorocatechol by a catechol 2,3-DO from Azotobacter vinelandii 206 to a product which, according to its A 380 value, seems to be the same product formed by the DO from strain BN6. Azotobacter vinelandii 206 also oxidized 3,5-dichlorocatechol to a product with max ϭ 389 nm. The oxidation of 3,5-dichlorocatechol to a meta-cleavage product was also reported for an Achromobacter sp. via a presumed 1,6-cleavage (21) . We are currently attempting to isolate the products from the reaction performed by strain BN6 to clarify the cleavage mechanism.
